Abstract
Introduction
The development of high-performance controllers for drives using an induction motor as an actuator is shortly stated by Leonhard [7] as "30 Years Space Vectors, 20 Years Field Orientation and 10 Years Digi-P. Vadstrup 
and H. Bgrsting
Grundfos A/S DK-8850 Bjerringbro, Denmark tal Signal Processing with Controlled AC-drives" . The relevance of field oriented control is witnessed by a large numbers of investigations carried out both from a theoretical and a practical point of view [6] . The scheme works with a controller which approximately linearizes and decouples the relation between input and output variables by using the simplifying hypothesis that the actual motor flux is kept constant and equal to some desired value.
In the last 10 years with digital signal processing, significant advances have been made in the theory of nonlinear state feedback control [4] , and particular feedback linearization and input-output decoupling techniques have been successfully applied for control of induction motor drives [8] , [5] , [1] , [2] , [9] and [lo] .
In De Luca [8] , a simplified model is used, i.e. only the electromagnetic part is modeled assuming the speed as a slowly varying parameter. Exact decoupling in the control of electric torque and flux amplitude using the amplitude and frequency of the voltage supply as inputs is obtained by a static 'state feedback compensator. The resulting nonlinear feedback is quite complex due to the fact that the formulation adopted to carry out the decoupling is based on a reference frame rotating with the stator flux vector. Krzeminski [5] took advantage from the intrinsic decoupling connected with the rotor field orientation, but in his paper the decoupled system does not end up with a double integrator, but with a second order system depending on the motor parameters. Bellini [l] presents a different approach for decoupling of flux and speed, which yields a simple linearized model, constituted by two lines of double integrators, without requiring particular complex computations to determine the components of the motor supply voltage. Because of the mechanical equation for speed the load torque has to be known or estimated.
Flux and speed is also decoupled in Frick et. all. [2] and Marino et. all [9] . Marino propose an adap-0-7803-4484-7/98/$10.00 0 1998 IEEE tive method but it is not obvious how limitation of the motor currents influence the method. By proposing a nonlinear controller based on a two-step input-output decoupling Frick et. all.
[2] obtain precise limitation of motor currents and voltages which is indispensable in all applications demanding maximum torque production.
The method of most of the above references uses adaptation of the load torque. However this is a limiting factor to the servo performance because adaptation of the load torque is slow. In order to circumvent this problem torque and flux are decoupled in this paper assuming speed as a measured parameter.
The proposed method has previously in Rasmussen et. all.
[12] been verified by experiments, and has demonstrated performance which is comparable to traditional Field Oriented Control. In this paper a comparing study is carried out between the two methods. They are compared and evaluated against variations in rotor resistance Rr and magnetizing inductance Lm , which are the two significant parameter variations in an induction motor caused by temperature and magnetic saturation.
Induction motor model
Stator axis t P t P The input-output decoupling problem is to find a state feedback such that the transformed system is input-output decoupled, i.e. one input influence one output only. Detailed information on input-output decoupling can be found in [4] .
Using the definitions
the induction motor equations (1) are given by
and the torque equation (2) Because the relative degree r1 and r 2 associated with each output is greater than one the total relative degree r = r1 + 7 3 is less than or equal to the degree of the state vector n = 4. The conditions (3) then lead to a total relative degree r = n. This means that no zero dynamics have to be considered. Equation
giving output functions only depending on 23 and 24.
The two simplest functions satisfying this are y1 = hl(x3,x4) = 2 3 and y2 = h2(x3,x4) = 2 4 leading to a decoupling of the flux amplitude and the flux angle. In the field weakening region where both field amplitude and torque are varied a more interesting result would be decoupling of torque and field amplitude. This means that candidates for output functions are
h2(z) = 22x3 if the zero dynamics of the resulting uncontrollable state is stable.
The approach to obtain the input-output linearization of the system is to take the time derivative of the output functions until the input appears.
After some calculations the following equations are ob- The inputs u1 and u2 are then given by the nonlinear equations The uncontrollable dynamics of a MIMO nonlinear system is the dynamics of the system when the outputs are constrained to be constant.
Uncontrollable dynamics
Since the constraint that the outputs identically is equal to constants implies that all the derivatives of the outputs are zero we have y 1 = y 1 = 0 and y 2 = 0.
Because y1 = h l , y 1 = L j h l and y2 = h2 we have
~( t )
= z: and $3 = 0 leads to k2(t)x: = 0 giving z2(t) = we have in the original coordinates, that when the system operates in steady state, the system states evolves on the surface ~( t ) = q ( t ) = 2 : and x z ( t ) = 2; with z! # 0.
The uncontrollable dynamics is then given by 4 j/4 = ZpWrneeh + -
x:Tr
774 is equal to the field angle p which means that the uncontrollable dynamics have and desirable behavior.
5 Torque and field amplitude control
Field Amplitude Controller
The output yl = h l ( z ) = 23 with the decoupled dynamics y1 = v1 is controlled by the following PDcontroller 
Torque Controller
The output y2 = h2(z) = 12x3 with the decoupled dynamics y 2 = v2 is controlled by the following Pcontroller
giving the following closed loop transfer function
Defining T2 as a design parameter and using The P and PD controllers for the decoupled torque and field amplitude is shown in Fig. 3 together with the nonlinear decoupling.
(4).

Simulation
In this section sensitivity against change in rotor resistance and magnetizing inductance will be analyzed based on a simulation study. The rotor resistance R, and the magnetizing inductance Lm change considerably due to variation in temperature and magnetic saturation. For our test motor, a GRUNDFOS 1.1 kW induction motor, these variation can be calculated.
The magnetizing inductance is minimum when the motor is unloaded. In that case the motor is very close to saturation. The magnetizing inductance is maximum when the motor torque is maximum. The minimum and maximum values for the rotor resistance is obtain for cold and hot motor respectively.
In the control systems the speed controller and field weakening function will be omitted as shown in figure   4 . ,
The control values are given by (4) which for i ,~ # 0 leads to
The load is simulated as [lo] Ortega R. and G. Espinosa (1993 
